ABSTRACT: Soil organic carbon (SOC) is usually said to be well correlated with soil texture and soil aggregation. These relations generally suggest a physical and physicochemical protection of SOC within soil aggregates and on soil fi ne particles, respectively. Because there are few experimental evidences of these relations on tropical soils, we tested the relations of soil variables (SOC and soil aggregate contents, and soil texture) with the amount of SOC physically protected in aggregates on a set of 15 Malagasy soils. The soil texture, the SOC and water stable macroaggregate (MA) contents and the amount of SOC physically protected inside aggregates, calculated as the difference of C mineralized by crushed and intact aggregates, were characterized. The relation between these variables was established. SOC content was signifi cantly correlated with soil texture (clay+fi ne silt fraction) and with soil MA amount while protected SOC content was not correlated with soil MA amount. This lack of correlation might be attributed to the highest importance of physicochemical protection of SOC which is demonstrated by the positive relation between SOC and clay+fi ne silt fraction.
Introduction
The management and enhancement of soil organic carbon (SOC) is very important for agriculture (fertility) as well as for the environment (carbon sequestration), mainly in tropical regions (Bernoux et al., 2006; where development, food security, adaptation and mitigation have to be promoted in synergy . Three main mechanisms of SOC protection in soil exist: (i) biochemical stabilization, (ii) chemical stabilization and (iii) physical protection (Six et al., 2002) . Relations between SOC and soil texture have been attributed to a chemical stabilization of SOC by physicochemical adsorption of SOC on soil clay/mineral surface (Feller and Beare, 1997) . These relations showed that clayey soils have more potential for SOC storage than sandy soils (Siqueira Neto et al., 2010) . Therefore the percentage of clay content, or alternatively clay + silt, is a good predictor of SOC (Nichols et al., 1984) . On the other hand, SOC is commonly reported to correlate with soil macroaggregate amounts because SOC enhance macroaggregates formation by its action as a binding agent (Tisdall and Oades, 1982; Metay et al., 2007) , and inversely macroaggregates may isolate and protect SOC against microbial attack (Beare et al., 1994) .
The protected C inside macroaggregates is defi ned as the "physically protected C" pool. Aggregates physically protect SOC by forming physical barriers between microbial enzymes and their substrates, by controlling O 2 diffusion, and by infl uencing food web interactions and consequently microbial turnover (Six et al., 2002) .
Several reserachers measured the increase in soil respiration (CO 2 ) when aggregates had been destroyed by soil crushing, and considered the additional carbon mineralized as the pool of SOC physically protected in soil aggregation (e.g. Beare et al., 1994; Chevallier et al., 2004; Metay et al., 2007; Razafi mbelo et al., 2008) . Since macroaggregates protect SOC from mineralization, macroaggregate amount should correlate with the amount of SOC protected within macroaggregate. However, Pulleman and Marinissen (2004) showed that the amount of SOC protected within larger macroaggregates was lower in a pasture soil which had higher amount of macroaggregates than in a cultivated soil. Therefore, there was probably no unique trend of SOC physical protection and biodegradation schemes because of different features of aggregates.
Most studies characterizing the amount of protected SOC affected by soil management compare tilled and no-tilled systems (Beare et al., 1994; , or pasture and cultivated lands (Chevallier et al., 2004; Pulleman and Marinissen, 2004 ) for a given temperate or tropical soil. No studies had examined the relation between the macroaggregate and the physically protected SOC for a range of tropical soils in which soil texture, SOC amount, and macroaggregation level vary. This study aimed to identify among three soil parameters (SOC and macroaggregates contents, and soil texture), (i) which of them better correlates with the physical protection of SOC for 15 contrasted Malagasy soils and (ii) to discuss the main mechanism responsible for SOC accumulation in such soils. 
Materials and Methods
This study was conducted on 15 soils of Madagascar representing some major tropical soil types used in agriculture and providing a wide range of texture, from sandy to clayey soil (Table 1) as well as organic carbon contents (high and low level) in the soil surface layer (Table 2) . Soil samples were collected from various pedoclimatic conditions in Madagascar: in the sub arid Southwest, around the city of Tuléar (23°07' S, 44°13' E), along the eastern subequatorial coast near Manakara (22°12' S, 47°50' E), under the altitude tropical climate of the Highlands near Antsirabe (19°46' S, 47°06' E) and under mid-altitude tropical climate near Alaotra lake (17°32' S, 48°32' E).
Potentially high and low values of SOC were selected in each site by sampling crop plots of an equivalent soil texture. Three samples were collected per plot at 0-5 cm depth, and pooled to form a composite sample. Composite samples were air-dried and sieved (< 2 mm). All laboratory analyses were conducted in triplicate. Total soil organic C (g OC kg −1 dry soil) was determined on a forcibly sieved (< 0.2 mm) subsample by dichromate oxidation (Walkley and Black, 1934) . Water stable macroaggregate (MA, > 0.2 mm) fraction (g MA kg −1 dry soil) was determined using an adaptation of Kemper and Rosenau (1986) method as described in details in Razafi mbelo et al. (2008) . Mineralizable soil C and the degree of protection from decomposition provided by soil macroaggregates > 0.2 mm were evaluated during extended laboratory incubations of either intact or crushed soil samples (Chevallier et al., 2004; Razafi mbelo et al., 2008) .
To break down macroaggregates, soil was crushed to pass a 0.2-mm mesh size. No pre-treatment was performed before incubation as usually in C physical protection assays (Beare et al., 1994; Gartzia-Bengoetxea et al., 2011) . The increase in mineralization rate observed between intact soils (intact aggregates, SOC protected) and crushed soils (aggregates disrupted, SOC not protected and mineralized) was assumed to the SOC which was initially physically protected inside soil aggregates (Beare et al., 1994) . Briefl y, 10 g of soil samples were placed into air-tight 1.2-L jars and soil moisture was maintained with deionized water at 80 % of water potential as determined at -0.01 MPa. Carbon dioxide accumulated in the jar was regularly measured during a 28-days incubation period (28 °C in darkness) using a sandy soils and the highest in clayey soils ( Figure 1A ). Such a positive relation was highlighted for tropical soils (Feller and Beare, 1997) and attributed to sorption processes of colloidal-soluble SOC on clay surface (Zinn et al., 2007) and/or in SOC protection by macroaggregates in fi ne-textured soil (Feller and Beare, 1997) . The sample set also covered a wide range of soil macroaggregate > 0.2 mm contents, from 143 to 691 g MA kg −1 soil (Table 2) . Macroaggregates and SOC contents were also positively correlated ( = 0.41, p = 0.036) ( Figure 1B ). This can be interpreted in two ways: (i) SOC binds soil particles to form soil macroaggregates (Tisdall and Oades, 1982) and (ii) soil aggregation physically protects SOC against mineralization (Beare et al., 1994) . The occlusion of particulate organic matter inside macroaggregates and the diffusion and deposition of organic compounds inside aggregate micropores which were too small for microbes (Tisdall and Oades, 1982; McCarthy et al., 2008) were assumed to be the processes responsible for the physical protection of SOC against microbial attack.
Varian CP4900 Microgas Chromatograph (Varian Chromatography Group, Walnut Creek, CA, USA).
Statistical differences between SOC mineralized in intact and crushed soils were determined with t Student test using XLSTAT software for windows. Kendall's correlation coeffi cients () were calculated to evaluate the signifi cance of correlations between soil variables. Kendall test was used as the normal distribution of the data was not achieved even using usual transformations.
Results and Discussion
In this study, soil texture was expressed as the soil content of soil fi ne particles, i.e. the clay + fi ne silt fraction, the soil particles < 20 µm. The sample set covered a wide range of clay + fi ne silt, from 125 to 723 g kg −1
soil, and a wide range of soil organic C contents, from 7 to 50 g OC kg −1 soil (Tables 1 and 2 ). SOC content and soil texture were positively correlated ( = 0.39, p = 0.045), with the lower C concentrations observed in Our mineralization assay demonstrated such a physical protection of SOC. The mineralized SOC ranged from 377 to 1510 mg C-CO2 kg −1 soil for intact soils, and from 431 to 1708 mg C-CO2 kg −1 soil for crushed soils, respectively. The increase (Student t test, p < 0.05) of mineralized SOC when the soil was crushed (+13 to +198 mg C-CO2 kg −1 soil) highlighted the presence of an amount of SOC physically protected inside macroaggregates (Figure 2 ). This SOC physically protected represented an average of 10 % of total mineralized SOC (varying from 1 to 25 % of total mineralized SOC) and 4.1 % of total SOC (varying from 1.5 to 7 % of total SOC) ( Table 2 ). This rate of SOC physically protected are much higher than those found by Chevallier et al., (2004) or Pulleman and Marinissen (2004) , which are 1 to 2.5 and 0.5 to 1.4 % of total SOC, respectively. However, neither soil texture ( Figure 1C ) nor macroaggregate content ( Figure 1D ) was correlated with protected SOC while a positive relationship was found between macroaggregates and SOC contents ( Figure 1B) . However, even if a positive relationship was found between macroaggregates and SOC contents ( Figure 1B ) and between SOC content and protected SOC ( Figure 1E ), no correlation was found between the amount of protected SOC inside macroaggregates and the amount of macroaggregates.
Macroaggregates were not always considered as effi cient OM protecting sites against mineralization, as underlined by Pulleman and Marinissen (2004) . These authors found that macroaggregates protected SOC in arable fi elds when aggregation was dominated by large and dense physicogenic aggregates (aggregates formed by physical processes, few biopores), but did not protect SOC in a pasture soil when aggregation was dominated by porous and biogenic aggregates (aggregates formed by biological processes, many biopores). The larger pore distribution inside such macroaggregates facilitated OM mineralization by microbes (Pulleman and Marinissen, 2004) . In our study, eight samples were collected in no-tillage systems and two in fallow systems. These systems are quite rich in macrofauna activity (Blanchart et al., 2007) , therefore we could have more biogenic than physicogenic aggregates in the studied soils.
The absence of relationship between the amount of macroaggregates and the amount of protected SOC inside macroaggregate could not exclude the total absence of physical protection of SOC inside soil structure. The physical protection of SOC inside aggregates smaller than 0.2 mm has not been tested in that study. The protection of SOC inside microaggregates, often described in literature (Six et al., 2004 ) is possible.
However, in tropical soils which contains oxides the direct linkage between SOC accumulation and aggregates amount is not evident (Zotarelli et al., 2005) . Indeed in these soils, physical protection within aggregates is not the main mechanism for OM stabilization as in temperate soils (Tisdall and Oades, 1982; Barthès et al., 2008) . Barthes et al. (2008) reported that the main factors which infl uence SOM accumulation and macroaggregate stabilization in 18 tropical soils was the soil content of Al-containing crystalline sesquioxides.
Recent studies using some soil samples of our study showed effectively high contents of Al oxides, from 4 to 16 g Al CBD (Zinn et al., 2007) , our results showed a correlation of clay+fi ne silt fraction with SOC ( Figure 1A ) and with macroaggregates ( Figure 1F ). The formation of organo-mineral complexes which protect SOC from biodegradation (Wiseman and Püttemann, 2005; Mikutta et al., 2006) and the adsorption of SOC on the high specifi c surface area resulting from Al-Fe substitution (Barthes et al., 2008) might explained this positive relationship between clay+fi ne silt contents and SOC content ( Figure 1A) . Therefore, these results confi rm SOC physicochemical stabilization for SOC accumulation mechanisms in such soils. 
